Abstract -Epilepsy is one of the most common neurological disorders, and topiramate (TPM) is one of the most effective drugs that can render patients seizure-free. The focus of the present study was to evaluate the immunological safety of TPM in a mouse model. We examined the in vitro effect of TPM on immune functions of BV2 microglial cells, RAW 264.7 macrophages, B cells, T cells, and dendritic cells. We also examined the in vivo effect of TPM on mouse immune organs, such as lymph node, spleen, and thymus. When cells were directly treated with TPM at concentrations from 1 to 30 μg/ml, TPM did not affect nitrite production by BV2 cells and macrophages, proliferation of B cells and T cells, or maturation of dendritic cells. In addition, TPM did not change the weight and cellularity of lymph nodes, spleen, and thymus in vivo at doses from 3 to 100 mg/kg injected i.p. into mice once a day for 4 consecutive days. These data showed that TPM, which is widely used as an anti-epileptic drug, is immunologically safe.
INTRODUCTION
Topiramate (TPM) is one of the latest anti-epileptic drugs (AEDs) available for treating drug-resistant partial epilepsy in both adults and children (Latini et al., 2008) . TPM is a structurally novel broad-spectrum AED with established efficacy as monotherapy or adjunctive therapy in the treatment of adult and pediatric patients with generalized tonic-chronic seizures, partial seizures with or without generalized seizures, and seizures associated with Lennox-Gastaut syndrome (Lyseng-Williamson and Yang, 2007; Lyseng-Williamson and Yang, 2008) . The mechanisms underlying TPM anti-epileptic activity are still incompletely understood. Multiple mechanisms of action have been shown in preclinical studies, including sodium and calcium channel blockade, γ-aminobutyrate potentiation, and glutamate receptor antagonism (White, 1997; White et al., 1997; DeLorenzo et al., 2000; Gibbs et al., 2000) . The efficacy of TPM as adjunctive therapy is supported by several clinical trials (Ben-Menachem, 1996; Ben-Menachem et al., 1996; Faught et al., 1996; Privitera et al., 1996; Sharief et al., 1996; Tassinari et al., 1996; Yen et al., 2000) . Responder rates were 35 to 48% with daily doses ranging from 300 to 800 mg.
Adverse effects that were seen more commonly for patients taking TPM than placebo in clinical trials included ataxia, decreased concentration, confusion, dizziness, and fatigue (Shorvon, 1996; Rosenfeld, 1997; Rosenfeld et al., 1997; Sachdeo et al., 2002; French et al., 2004a; French et al., 2004b) . TPM also decreased serum estradiol levels by 30% and serum digoxin levels by 12% Sachdeo et al., 2002) . Two adverse events of interest were shown in clinical studies: renal stones and weight loss (Wasserstein and Hedges, 1995; Rosenfeld et al., 1997) . TPM was a weak inhibitor of carbonic anhydrase. Although this inhibition was not related to anti-epileptic activity, (Maryanoff et al., 1987) , it might be related to renal calculi so that 1.5% of patients treated with TPM developed renal stones (Wasserstein and Hedges, 1995) . Weight loss was also reported in patients during the clinical trials . Another side effect was paresthesia, which might also be associated with the inhibition of carbonic anhydrase. Paresthesia appeared to decrease with time or with dosage reduction.
Although the safety of TPM has been evaluated in many clinical and preclinical studies, no immunological safety has been reported to date. Here, we examined the effect of TPM on the functions of several immune cells, including microglial cells, macrophages, B cells, T cells, and dendritic cells in a murine model.
MATERIALS AND METHODS

Nitric oxide production by BV2 microglial cells and RAW 264.7 macrophages
The immortalized murine BV2 cell line, which exhibits both the phenotypic and the functional properties of reactive microglial cells, was obtained from American Type Culture Collection (Bethesda, MD) (Moon et al., 2005) . Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. RAW 264.7 cells (murine macrophage line) were obtained from American Type Culture Collection (Bethesda, MD). Cells were grown in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mMglutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. For the nitrite production assay, 1×10 5 cells were plated on 24-well culture plates (Jeon et al., 2000) . NO 2 − accumulation in the medium was an indicator of NO production, as previously described. After 24 hr, the isolated supernatants were mixed with an equal volume of Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride, and 2% phosphoric acid) and incubated at room temperature for 10 min. Nitrite production was determined by measuring optical density at 540 nm using NaNO2 to generate a standard curve.
Proliferation of B and T cells
Female C57BL/6 mice (6-8 weeks old) were obtained from Korea Research Institute (Chungbuk, Korea). Mice were housed in specific pathogen-free conditions at 21-24 o C and 40-60% relative humidity under a 12 h light/dark cycle. All animals were acclimatized for at least 1 week prior to the experiments. The experimental procedures used in this study were approved by the KRIBB Animal Experimentation Ethics Committee. Spleen cells were freed of red blood cells through lysis buffer treatment (Han et al., 1998) . Cells were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine and 50 μM 2-mercaptoethanol (Sigma, St. Louis, MO). T or B cells were stimulated with 1 μg/ml of Con A or LPS for 72 hr, respectively. Cells were pulsed with 1 μCi/well of 
Maturation of dendritic cells
DCs were generated from bone marrow (BM) cells obtained from 6-7-week-old female mice (Kim et al., 2007) . Briefly, BM cells were flushed out of femurs and tibias. After red blood cells were lysed, whole BM cells (2×10 5 cells/ml) were cultured in 100-mm 2 culture dishes in 10 ml/dish of complete medium containing 2 ng/ml GM-CSF. On culture day 3, another 10 ml of fresh complete medium containing 2 ng/ml GM-CSF was added, and on day 6 half of the medium was changed. On day 8, non-adherent and loosely adherent DCs were harvested by vigorous pipetting and used as immature DCs (iDCs). iDCs recovered from these cultures were generally ＞85% CD11c . Phenotypic maturation of DCs was analyzed by flow cytometry. Cell staining was performed using a combination of FITC-conjugated anti-MHC-class II and PE-conjugated CD11c antibody. Cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA), and data were analyzed using WinMdi software (Scripps, La Hoya, CA). Forward and side scatter parameters were used to gate live cells.
In vivo toxicity
Female C57BL/6 mice (6-8 weeks old) were obtained from Korea Research Institute (Chungbuk, Korea). Mice were housed in specific pathogen-free conditions at 21-24 o C and 40-60% relative humidity under a 12 h light/dark cycle. All animals were acclimatized for at least 1 week prior to the experiments. The experimental procedures used in this study were approved by the KRIBB Animal Experimentation Ethics Committee. Mice were administered TPM at doses from 3 to 100 mg/kg ip once a day for 4 days (Follett et al., 2004; Park et al., 2008) . On day 5, mice were sacrificed and the changes in the immune organs were examined.
Statistics
Results represent the mean values of more than three samples and five mice. Standard deviations (SD) were compared using the Student's t test and p values were calculated by ANOVA (GraphPad Software, San Diego, CA) . Fig. 1 . Effect of topiramate on NO production in BV2 cells. BV2 cells were treated with topiramate (TPM) for 24 hr and the isolated supernatants were mixed with an equal volume of Griess reagent (A). BV2 cells were treated with TPM and LPS (1 μg/ml) as an activator. After 24 hr, the isolated supernatants were mixed with an equal volume of Griess reagent (B). Significance was determined by ANOVA (*p＜0.05).
Fig. 2.
Effect of topiramate on NO production in RAW 264.7 cells. Cells were treated with topiramate (TPM) for 24 hr and the isolated supernatants were mixed with an equal volume of Griess reagent (A). RAW 264.7 cells were treated with TPM and LPS (1 μg/ml) as an activator. After 24 hr, the isolated supernatants were mixed with an equal volume of Griess reagent (B). Significance was determined by ANOVA (*p＜0.05).
RESULTS
In the present study, we investigated the effects of TPM on the immune responses of major immune cells, such as B cells, T cells, dendritic cells, and macrophages. We used two different types of macrophages, namely brain-localized microglial cells (BV2) and peripheral tissue-localized macrophages (RAW 264.7 cells).
Effect of TPM on microglial cell function
To investigate whether TPM affected microglial cell functions, we used the BV2 murine microglial cell line. As shown in Fig. 1A , the basal level of NO production in BV2 cells was quite low and was not changed by TPM treatment. Upon exposure to LPS, BV2 cells produced high levels of NO over basal (Fig. 1B) . However, TPM did not change NO production by LPS-activated BV2 cells. These data suggest that TPM does not affect immune functions of BV2 microglial cells, which were brain-localized macrophages.
Effect of TPM on macrophage function
Next, we examine the effect of TPM on peripheral macrophages by using RAW 264.7 cell lines. Un-stimulated RAW 264.7 cells showed only a small amount of NO production, which was not changed by TPM treatment (Fig.  2A) . LPS-treated RAW 264.7 cells showed enhanced NO production of 18 nmole/10 6 cells 24 hr after treatment.
However, TPM did not affect NO production by LPS-treated macrophages. Overall, these data suggest that TPM does not affect the immune functions of RAW 264.7 peripheral macrophages or BV2 brain macrophages.
Effect of TPM on B and T cell proliferation
We examined the effects of TPM on lymphocytes, such as B cells and T cells. We induced specific B cell proliferation with LPS and specific T cell proliferation with Fig. 3 . Effect of topiramate on lympho-proliferation. LPS was used to induce specific B cell proliferation. Spleen cells were incubated with topiramate (TPM) and/or LPS (1 μg/ml) for 72 hr (A). ConA was used to induce specific T cell proliferation. Spleen cells were incubated with topiramate (TPM) and/or ConA (1 μg/ml) for 72 hr (B). TPM was also treated naive spleen cells in the absence of LPS or ConA. Cells were pulsed with 1 μCi/well of [ ConA. TPM did not inhibit basal proliferation of splenic B/T cells (Fig. 3) . TPM did not affect LPS-induced B cell proliferation (Fig. 3A) and ConA-induced T cell proliferation (Fig. 3B) . These data suggest that TPM is a safe drug that does not affect the immune functions of B and T cells.
Effect of TPM on dendritic cell functions
We investigated the effect of TPM on dendritic cells. Immature DCs were generated from BM precursors by treating with 2 ng/ml of GM-CSF. On day 8 of culture, non-adherent and loosely adherent cells, i.e., immature DCs, were harvested from cultures. An analysis of cell surface markers showed that more than 85% of cells were CD11c＋, but not CD3＋ or B220＋ (Kim et al., 2007) . Immature DCs were treated with LPS for 24 hr to induce maturation and TPM was added to cultures to investigate whether TPM affected the DC maturation process. The basal level of mean fluorescence intensity (MFI) of MHCclass II expression was low in immature DCs and was not changed by TPM (Fig. 4) . Upon exposure to LPS, MHC-II expression was strongly up-regulated, whereas TPM did not change its expression. These data demonstrate that TPM does not affect DC maturation. Overall, the above data suggest that TPM does not affect the immune functions of microglial cells, macrophages, B cells, T cells, and DCs in vitro, and can be considered a safe drug that will not to induce adverse immunological effects.
Effect of TPM on in vivo immune organs
Finally, we examined the in vivo effect of TPM on immune systems. We administered TPM to C57BL/6 mice for 4 consecutive days and examined the changes in immune organs. As shown in Fig. 5 , TPM did not affect the body weight of mice during treatment, suggesting that TPM does not induce severe toxicity. After the TPM treatment, we also examined the weights of immune organs, inguinal and popliteal lymph nodes, spleen, and thymus; TPM did not affect their weights (Table I) . When we examined total cell number and cellularity with antibodies against B200, CD3, CD4, and CD8 in inguinal and popliteal lymph nodes and spleen, there were no changes (data not shown). However, TPM at high concentrations (100 mg/kg) slightly reduced the weights of kidney and liver. Overall, TPM appears to be a safe drug that does not induce severe adverse immunological effects.
DISCUSSION
In this study, we investigated the effect of TPM on the functions of microglial cells and several immune cells. Microglial cells are specialized macrophages capable of inducing inflammation in the brain. Several reports have proposed that inflammation is induced during and after seizure activity (Ben-Menachem, 2003; Haghikia et al., 2008) . Indeed, in a previous study, an increase in proinflammatory mediators, particularly IL-1 and nitric oxide, was detected in experimental epilepsy models (De Simoni et al., 2000) . In addition, inflammatory mediators were detected in the fluid from epileptic patients (Peltola et al., 2000) ; however, these were cases of chronic rather than acute seizures. Microglial cells might play a role in cytokine production in the brain (Hanisch, 2002) , suggesting that chronic seizure triggered activation of microglial cells. Levetracetam, which has anti-epileptic efficacy, has been shown to inhibit inflammation in patients (Haghikia et al., 2008) . Further- Fig. 5 . In vivo effect of topiramate on immune organs. C57BL/6 mice (n=4) were administered topiramate (TPM) at doses from 3 to 100 mg/kg ip once a day for 4 days. Body weight was measured daily to estimate toxicity of TPM. Control mice were injected with PBS, which was used to dissolve TPM. Fig. 4 . Effect of topiramate on the maturation of DCs. Immature DCs (iDCs) were generated from mouse bone marrow cells by treating them with 2 ng/ml of GM-CSF for 8 days; iDCs were then treated with topiramate (TPM) for 24 hr (A). In another experiment, immature DCs were activated with LPS (1 μg/ml) to induce maturation and with TPM simultaneously for 24 hr (B). Non-adherent and loosely adherent cells were harvested and stained with two Abs, i.e., PE-conjugated CD11c Ab and FITC-conjugated Abs to MHC-II. CD11c-PE was used to gate DCs. Histograms and mean fluorescence intensities (MFI) are shown. Results are representative of more than three separate experiments.
more, levetracetam had a preventive effect on impairment of astroglial regulatory properties under inflammatory conditions. However, TPM was likely different from other AEDs in modulation of inflammation. In this study, we showed that TPM was ineffective for inhibiting inflammation. TPM could not directly inhibit LPS-induced activation of microglial cells or other inflammatory immune cells. However, we cannot exclude the possibility that TPM might inhibit chronic inflammation in patients after prolonged treatment. We are currently devising experiments to examine the effect of prolonged TPM on inflammation under seizure conditions, since the anti-inflammatory activity of AEDs is typically shown in chronic cases.
The primary goals of AED treatment are to achieve complete seizure freedom, ideally without adverse events, to reduce morbidity, mortality, and seizure-related accidents, and to improve quality of life. This can be achieved with several widely-used AEDs, such as lamotrigine, levetiracetam, and topiramate, in approximately 75% of epileptic patients (Bootsma et al., 2008a; Bootsma et al., 2008b) . However, new AEDs are still needed for the remaining refractory epileptic patients, and some studies have shown promising results in this refractory population (Callaghan et al., 2007; Luciano and Shorvon, 2007) . Due to the diversity of AEDs, both novel and classical, it is often somewhat difficult for clinicians to choose which drug to prescribe for which patient. One method for drug selection is to use information from large multicenter randomized controlled trials, but such trials have been rare for these drugs. Another method is to compare the intrinsic properties of AEDs, such as mode of action, efficacy, safety, and so on. Still another way is to use retention rates; prolonged retention of patients on their AED therapy is now accepted as a clear reflection of therapeutic efficacy (Bootsma et al., 2006; Bootsma et al., 2007) . Retention rate also represents a measure of efficacy and safety. Although it is not clear whether efficacy and safety contribute equally to the clinical application of AEDs, one study mentions that safety, rather than efficacy, might be related to retention rate (Chung et al., 2007) . Also, according to this study, a drug that was only modestly efficacious but had a favorable safety profile might seem better than a drug that was more Popliteal lymph node 0.7 ± 0.2 0.8 ± 0.1 0.7 ± 0.4 0.8 ± 0.3 0.7 ± 0.3 Inguinal lymph node 3.2 ± 0.2 2.8 ± 0.4 2.9 ± 0.6 2.8 ± 0.5 3.0 ± 0.5 Spleen 81 ± 5 82 ± 4 75 ± 6 79 ± 10 77 ± 8 Thymus 74 ± 5 81 ± 9 74 ± 8 73 ± 7 80 ± 5 Kidney 118 ± 6 120 ± 6 115 ± 4 116 ± 11 110 ± 5* Liver 1,003 ± 86 1,126 ± 58 1,009 ± 51 1,027 ± 108 869 ± 65* Significance was determined by ANOVA versus vehicle-treated controls (*p<0.05).
efficacious but produced adverse effects. Therefore, side effect profiles might be the determining factor for retention rate. Here, we examined the safety of TPM, especially from the immunological aspect. TPM did not affect the immune functions of B cells, T cells, dendritic cells, peripheral macrophages, or brain macrophages. Together with the proven therapeutic efficacy of TPM, our data suggested that TPM is a valuable option for the treatment of patients with epilepsy.
In conclusion, the results of our study showed that TPM did not affect the functions of immune cells, such as microglial cells, macrophages, B cells, T cells, and dendritic cells. We conclude that TPM is an immunologically safe drug without severe adverse effects.
